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ABSTRACT 


A  rectangular  transfer  matrix  for  the  n-port  (n  >  2) 
network  is  developed  here.  Considered  is  a  device  so  used  that 
a  p-port  is  transformed  into  a  q-port  (p  +  q  =  n  and  q  <  p). 

Its  rectangular  transfer  matrix  has  all  the  interconnection  pro¬ 
perties  of  usual  transfer  matrices,  provided  the  matrices  multi¬ 
plied  are  conformable  (this  can  also  be  expressed  in  circuit 
terms).  Standard  tests  for  reciprocity  and  losslessness  are 
shown  to  be  applicable  to  the  generalized  transfer  matrix  with 
some  modification. 

The  single  frequency  decompositions  of  Kurss  and  Youla 
for  the  2n-port  are  shown  to  be  valid  for  the  n-port. 


TABLE  OF  CONTENTS 


I.  INTRODUCTION 

II.  FORMULATION  OF  THE  TRANSFER  SCATTERING  MATRIX 

III.  PROPERTIES  OF  TRANSFER  MATRICES 

IV.  THE  WHEELER  TYPE  DECOMPOSITIONS 

V.  THE  WEISS FLOCH  DECOMPOSITION 
APPENDIX  I 

APPENDIX  II:  On  the  Forms  T*  Pi  T  and  T*  Ojj  T 

APPENDIX  III 

REFERENCES 

ILLUSTRATIONS 


DISTRIBUTION  LIST 


SOME  GENERAL  RESULTS  FOR  THE  N-PORT 


I.  INTRODUCTION 

The  first  occurrence  of  transfer  matrices  in  electrical 
engineering  utilized  the  chain,  or  ABCD,  matrix.  The  introduction 
of  the  scattering  matrix  to  circuit  theory  led  to  the  definition 
of  the  transfer  scattering  matrix  for  the  two-port.  At  this  point 
of  development  the  impedance,  admittance,  and  scattering  matrices 
of  n- ports  were  well-known.  However,  the  transfer  matrices  in 
the  impedance  and  scattering  formalism  were  restricted  to  the  two- 
port.  It  has  since  been  shown  in  the  literature  that  if  the  de¬ 
vice  has  any  even  number  (2n)  of  ports  (one  shall  refer  to  it  as 
an  even  port  device),  the  transfer  matrix  of  the  2n-port  is  de¬ 
fined  where  the  scalars  in  the  two- port  case  are  n  x  n  matrices. 
Redheffer1  has  even  considered  the  case  where  the  elements  were 
operators  in  Hilbert  space.  There  has  developed  much  literature 
on  the  2n-port  network.  This  formalism  is  especially  pertinent 
at  microwave  frequencies  for  multimode  propagation  in  a  waveguide. 
Nevertheless,  it  is  desirable  to  obtain  a  formulation  that  can 
consider  both  odd  port  devices  and  even  port  devices  which  are 
not  used  as  2n- ports  (i.e. ,  a  four- port  considered  as  transforming 
a  three- port  into  a  one-port). 
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The  general  single  frequency  lossy  two-port  (reciprocal) 
was  shown  by  Wheeler^  to  be  decomposable  into  a  pure  simple  lossy 
section  (two-port)  bracketed  by  two  lossless  two  ports  (see  fig.  1). 
Similarly  it  was  shown  by  Haus^  that  the  non-reciprocity  of  a  two- 
port  can  be  isolated  in  a  similar  manner  (see  fig.  1).  For  loss¬ 
less  networks  Weissfloch^1  decomposed  the  two-port  into  an  ideal 
transformer  between  two  lossless  transmission  lines  (see  fig.  1). 

For  the  single  frequency  2n-port  Kurss?  has  shown  that 
the  lossy  2n-port  can  be  decomposed  into  the  simple  lossy  2n-port 
bracketed  by  two  lossless  2n-ports.  He  also  shows  that  the  non- 

Q 

reciprocal  network  is  amenable  to  similar  treatment.  Youla  showed 
that  the  lossless  2n-port  can  be  decomposed  into  n  uncoupled  trans¬ 
formers  between  lossless  all-pass  networks,  (i.  e.,  if  the  scat¬ 
tering  matrix  is  partitioned  into 


where  each  submatrix  is  n  x  n,  Sj,  and  Sss  are  the  zero  matrix. 
That  is,  there  is  no  reflected  wave,  hence  the  teiminology  all¬ 
pass  ) . 

This  paper  considers  the  formulation  at  single  frequency 
of  a  rectangular  transfer  scattering  matrix  to  represent  a  network 
with  p  output  and  q  input  ports.  The  analysis  is  restricted  to 
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cases  for  which  p  >  q. 


II.  FORMULATION  OF  THE  TRANSFER  SCATTERING  MATRIX 


To  obtain  this  formulation,  ozne  begins  "by  representing 
the  device  by  an  m  x  m  scattering  matr~d.x:  [S],  Although  it  is 
not  a  necessity,  the  scattering  formal— ism  shall  be  resorted  to 
for  the  remainder  of  this  paper.  The  <levice  is  considered  to 
transfer  a  p-port  into  a  q-port  (p  +  =  m) .  Thus,  partitioning 

[8]: 


[s] 


[S31]  [S»»p] 


(1) 


where  [S11]  is  q  x  q,  [S^]  is  q  x  p,Cssl]  is  p  x  q;  [Saa]  is 
p  x  p.  One  also  defines  bj ,  ax  as  q  eslement  column  matrices 
and  ba,  a s  as  p  element  column  matrices s.  The  device  is  repre¬ 
sented  by  the  following  equations: 


*1  = 

[Sill 

Si  + 

[8xa] 

®8  > 

(2a) 

*8  = 

18.1  1 

£i  + 

*2 

(2b) 

If  the  network  were  a  2n-port  where  p  is  equal  to  q(equals  n), 
the  inverse  of  Sal  could  be  found  (assuming  its  existence); 
otherwise  the  transfer  matrix  would  not  exist.  For  the  case  of 
interest  here,  however,  [Sal  ]  is  rectangular,  requiring  the 
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following  development. 

One  multiplies  equation  (2b)  from  the 

the  transpose  of  [Sai ]  :  [Ssl]'.  [Ssl  ]*  [Sai  ) 

81 

matrix;  hence  it  may  have  an  inverse  which  is 
[A]"1  .  Then  one  develops  a  2q  x  2p  matrix  [T] 


left  side  by 
is  a  square 
designated 
defined 


a.  It  must  be  assumed  that  q  is  less  than  p  in  the  non-square 
transfer  matrix.  If  this  were  not  true,  [A]  would  not  have 
an  inverse  since  its  rank  must  be,  at  most,  the  smaller  rank 
of  the  two  product  matrices  (as  a  consequence  of  the  Binet- 
Cauchy  formula^).*  As  a  result  of  the  preceding  there  is, 
at  most,  one  non-square  transfer  matrix  (i.e.,  there  is  no 
reverse  transfer  matrix  as  in  the  square  case)  for  given 
values  of  p  and  q.  There  will  always  be  a  transformation 
between  the  output  scattering  matrix,  [S],  and  the  input 
scattering  matrix,  [W]: 


[W]  =  [S1X]  +  [Sjg]  [S]  [[1]  -  [saa]  [S]  ]'X[SE1] 
Alternatively, 

W  =  [[T1X]  [S]  +  [Tl8]  ]  [[Tal  ]  [S]  +  [T„]]'  M_1 

where  M  =  [TalS  +  Taa]  [TalS  +  TPS  ] 1 . 


The  restriction  that  q  is  less  than  p  may  be  stated  more 
elegantly  as  a  linear  mapping  not  increasing  the  dimension 
of  the  space. 


* 


F.  R.  Gantmacher,  The  Theory  of  Matrices,  p.  12. 
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similarly  to  equation  (2): 

The  components  of  [T]  are: 

^’i^q,p  =  [A]  1  [S31  ]  [S32  ]  , 

t^isJq,p  =  t®i t  3  t A]  1  [Ssl  ]  , 

[Tj>i  lq,p  =  -[A]-1  [Ssl]  [S2B]  , 

t^Hslq,p  =  1  [Sal  ] 

III.  PROPERTIES  OF  TRANSFER  MATRICES 

The  rectangular  transfer  matrix  has  most  of  the  prop¬ 
erties  of  the  usual  transfer  matrices.  If  two  transfer  ma¬ 
trices  are  conformable,  then  matrix  multiplication  is  possible 
It  should  be  pointed  out  here  that  the  concept  of  cascading, 
implied  by  use  of  the  T  matrix,  is  not  quite  that  of  two-port 
practice,  or  of  2n-port  practice,  where  half  the  ports,  arbi¬ 
trarily  called  "input,"  are  to  the  left  of  a  device,  and  half, 


(3) 


called  "output,"  are  to  the  right.  Here,  since  one  deals  with 


0 


non-square  matrices,  the  number  of  input  ports  differ  from  the 
number  of  output  ports.  Thus,  a  four-port  with  non-square  T 
may  connect  to  a  one-port  on  its  left,  and  a  three-port  on  its 
right.  However  it  is  noted  that  a  (3+2)  -  port  can  not  be 
cascaded  with  a  (2  +  4)  -  port  using  rectangular  transfer  ma¬ 
trices  in  this  form. 

In  the  2n-port  literature,  the  conditions  for  lossless¬ 
ness  and  reciprocity  of  the  transfer  matrix  are  formulated  in 
terms  of  the  2n  x  2n  Pauli  matrices: 


I  [0] 

[if 

M  = 

9 

L-[i] 

C°]_ 

r [i] 

[of 

M  = 

|_ [o] 

-[1)_ 

Where  [0]  and  [1]  are  the  n  x  n  zero  i 

ind  n  x  n 

unit  matrices. 

respectively. 

For  reciprocity, 

[T]’  [ax]  [T]  = 

tax  1 

9 

[T]  [aj  [T]'  = 

[<7l  ] 

For  losslessness, 
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[T]*  M  [T]  =  [<ja]  , 

[T]  tcr?]  [T]*  =  [a?  ]  . 

(*  denotes  complex  conjugate  transpose) 

In  the  case  of  a  network  having  a  rectangular  transfer 
scattering  matrix  [T],  a  necessary  condition  for  reciprocity  is: 

IT]  [cj  [T]'  =  [crj  (3a) 


while  a  necessary  condition  for  losslessness  is: 

[T]  (o8]  [T]*  =  [05.3  (3b) 

It  must  be  noted,  that  these  conditions  are  not  sufficient. 
It  is  possible *to  find  scattering  matrices  which  are  not  lossy  or 
reciprocal  that  will  map  onto  transfer  matrices  that  satisfy  condi¬ 
tions  3a  and/or  3b.  The  mapping  S  -*  T  is  not  even  one-to-one  for 
several  S  matrices  may  go  into  the  same  T  (this  is  not  true  for 
square  transfer  matrices).  Therefore  later  decompositions  based 
on  the  T  matrix  will  have  an  ambiguity  which  can  only  be  resolved 
by  resorting  to  the  S  matrix.  (See  section  V  on  the  Weissfloch 
equivalent  circuit).  However,  in  Appendix  2  it  is  seen  that  if  [t] 
is  reciprocal  (lossless),  then  I  I1  (I  I*)  represents  a  reciprocal 


a.  See  Appendix  III. 
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(lossless)  network.  This  also  holds  for  what  may  be  called 
pseudo- lossless  forms;  i.e.,  rectangular  T  matrices  that 
satisfy  3b  but  represent  lossy  networks. 

The  third  condition  using  a8: 


T  a,  T  -  a3  ,  Ob 


0 

1 


> 


for  symmetry  does  not  carry  over  to  the  rectangular  transfer 
matrix  since  the  usual  symmetry  concept  does  not  apply  here. 
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IV.  THE  WHEELER  TIPS  DECOMPOSITIONS 

The  similarity  of  the  isolation  of  the  lossy  part  and  the 
non- reciprocal  part  has  been  noted  by  Kurss,  but  this  paper  will 
only  consider  the  isolation  of  the  lossy  segment.  The  general 
transfer  matrix  will  be  decomposed  as  follows: 

[T]  =  [UJ  [C]  [Ua]  .  (4) 

Uj  and  UB  represent  lossless  networks  while  C  is  the 
simple  lossy  section;  and  C  are  m  x  n  matrices,  while  T  and  U8 
are  m  x  n  matrices.  Following  Kurss  (not  in  notation,  however), 
one  denotes  the  <J8  adjoint  of  T,T+: 

[T]  *  (Oalin  [T]*  [ca]n 

One  notes  here  that  the  o8  matrices  are  square  and  of 
different  orders.  This  satisfies  the  usual  relation: 

(T1'^)+  =  W  . 

A  matrix  is  o8  self-adjoint  if  T  =  T+,  and  a  matrix  represents  s 
lossless  network  if  it  is  o8  unitary. 

It  is  noted  that  rectangular  matrix  products  of  the  form 
AA'  and  A'A  (with  or  without  complex  conjugates)  have  the  same 
rank,  and  essentially  the  same  eigenvalues  and  Jordan  canonical 
form. ^  The  difference  is  that  the  matrix  of  higher  order  haa  some 
additional  zero  eigenvalues  to  account  for  the  difference  in  order. 
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Following  Kurss  one  defines  a  matrix: 

H  =  TT+ 

Kurss  defined  the  product  in  the  reverse  order,  but  the  re¬ 
vised  arrangement  will  keep  H  non-singular.  When  relation  4 
is  substituted  into  5> 

H  =  l^CC*^"1 

It  is  seen  that  H  has  the  same  Jordan  canonical  fozm  as  CC*. 
In  addition, 

U,  =  C_1  Uj  “1 T 

is  a  lossless  network.  Thus  the  constructive  steps  of  Kurss 
required  to  obtain  the  constituents  become: 

1)  Find  the  Jordan  matrix  of  H. 

2)  Find  a  -unitary  matrix  U*  such  that 

6C  =  U SQ  is  simple. 

6  is  the  matrix  relating  H  and  its  Jordan  matrix  J 
(H  =  0JS-1 ). 

3)  Choose  C  as  a  solution  to  the  equation 

cc*  =  w1 


(5) 
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The  proof  of  Kurss  for  the  feasibility  of  this  con¬ 
structive  process  carries  through  with  slight  modifications. 

2 

Youla  has  stated  that  the  proof  of  Kurss,  which  assumes  a 
diagonal  Jordan  matrix,  can  be  extended  so  that  this  requirement 
is  not  needed.  It  would  seem  that  this  is  applicable  to  the 
rectangular  case  also. 

V.  THE  WEISSFLOCH  DECOMPOSITION 

The  lossless  network  may  be  decomposed  into  the  cas¬ 
cade  of  an  all -pass  2q-port,  "uncoupled  transfomers,"  and  an 
all-pass  2p-port.  It  is  noted  that  a  lossless  all-pass  network 
can  not  be  reciprocal  for  an  odd-port  device  (i.e.,  all  scat¬ 
tering  coefficients  on  main  diagonal  cannot  be  zero). 

To  proceed  with  the  proof  one  considers  the  following 
form:  TT  =  K.  This  is  a  non-singular  Hermitian  matrix 
(K*  =  (TT*)*  =  (TT*)  =  K).  K  is  also  Hermitian  positive  semi- 
definite  since  it  is  of  form  TT*,  but  since  its  determinant  is 
non-zero,  K  is  Hermitian  positive  definite.  Then  the  proof  pro- 

O 

ceeds  in  a  manner  similar  to  that  of  Youla°  using  the  unique 
polar  decomposition  of  a  square  matrix  (T)  into  the  product  of  a 
Hermitian  positive  matrix  (G)  and  a  unitary  matrix  (F),  taken 

i«  3s 

akin  to  complex  number  Z  =  Ae 


a.  Page  277 . 
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In  this  case  the  unitary  matrix  (F)  is  not  required  since  K  is 
Hermitian  positive  definite.  Then  following  Youla's  arguments 
exactly: 


I*  •> 

-  «■ 

U  0 

cosh  X  sinh  X 

U*  0 

0  V 

sinh  X  cosh  X 

0  V* 

J 

-  4 

L  / 

where  U  and  V  are  q  x  q  unitary  matrices  and  cosh  1  and  sinh  X 
are  diagonal  real  matrices. 


A  A  A 


If  one  defines  a  2q  x  2p  matrix  T  so  that  T  T* 
f  cosh  X  sinh  X^ 


sinh  X 


cosh  X  J 


> 


A  A 
IF  = 


then  T  may  be  written: 


T 


Since  T  T*  =  K,  W  is  unitary.  The  lossless  condition 
applied  to  W  requires  that  W  be  an  all- pass.  In  the  pseudo¬ 
lossless  case  W  is  not  an  all-pass  and  in  fact,  accounts  for  the 
loss  in  the  overall  network.  Note  that  the  matrix  W  is  in  no 
way  specified  by  the  matrix  T  (except  for  being  unitary).  It 
contains  the  Information  lost  in  the  mapping  S  ->  T.  In  partic¬ 
ular  T  does  not  determine  whether  the  network  is  lossless  or 
pseudo- lossless.  Thus, 


<•  \ 

'  \ 

U  0 

A 

X  0 

T  = 

T 

0  V 

0  Y 

k  J 

k  /* 

t-3> 
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where  X  and  Y  are  pxp  unitary  matrices,  and  T  is  a  2q  x  2p 
matrix  representing  ideal  transformers,  then 


_U  °1  A  A*  p*  ° 

K  =  Tf 

_0  Vj  |_0  V*  _ 


This  shows  that  the  Weissfloch  decomposition  is  pos- 
A 

sible  if  one  can  construct  a  T  such  that. 


A  A, 
T  T 


cosh  X  sinh  X 

_sinh  X  cosh  X 


A  solution  when  p  =  n-1  and  q  =  1  is: 


A 

T 


1 

— —  cosh  X  . . . 
Vp 


—fr  cosh  X  — r  sinh  X  , . .  sinh  X 

\p  vp  vp 


sinh  X 


1 

sinh  X 

rp 


1 

— —  cosh  X 

Vp 


1 

—  cosh  X 
'/p 


If  q  is  greater  than  one,  there  may  he  several  possible  matrices 
.  This  is  shown  by  the  following  two  acceptable  matrices  for 


q  =  2  and  p  = 


Ik 


A 

Tx  = 


coshXj 

0 

0 

0 

sinhXx 

0 

0 

0 

0 

'COShXa  -^-CCShXa 

A  A 

-irCOShXj 

w 3 

,  0 

-irSinhXg 
v 3 

—sinhX 
/3  " 

isinhX 
v 3 

sinhXx 

0 

0 

0 

coshXj^ 

0 

0 

0 

1 

1  .  . 

1 

0  -i-sinhXs  ~rSinhXa  -irSinhXg  0  -ir-coshXg  -irCOshXg  -irCoshXa 
v 3  V 3  v 3  V 3  v3  V3 


A 

Ta  = 


-irCOShXi 

■h 

-irCOShXj  0  0 

v2 

-irSinhXj 

n2 

-irSinhX!  0 

■v2 

0 

0 

0  -irCOShXg  — ^r-COShXg 

V2  «/2 

0 

0  -irSinhXg 

V2 

-i-sinhX 

v2 

1 

— — sinh\x 
v2 

1 

— —  sinhXx  0  0 

n/2 

1 

——coshXj 

n/2 

1 

— —  coshXx  0 

v2 

0 

0 

0  -irSinhXg  -^-sinhXa 

v2  V2 

0 

0  -i-coshX2 

v2 

-ircoshx, 

sZ 

A 

The  ambiguity  in  T  is  complemented  by  complete  non¬ 
specification  of  matrices  X  and  Y.  It  is  to  be  noted  that 
reciprocity  would  require  V  =  U  and  Y  ■  X. 
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APPENDIX  I. 

Figure  2  shows  the  transformer  decompostion  of  the 
two  six-ports  whose  matrices  are  given  in  the  text.  Figure  3 
shows  the  complete  decomposition  of  a  lossless  reciprocal 
three -port. 


APPENDIX  II:  On  The  Forms  T'  Cl  T  and  T*  CTa  T 

For  the  2n-port  if  T  is  reciprocal  (lossless)  T'  and 
T  are  reciprocal  (lossless).  For  the  rectangular  transfer 
matrix  T'  does  not  represent  a  network  hut  the  forms  T'  CTl  T 
and  T*  T  can  he  formed.  Denoting:  A'  hy  S2X-1left 
it  is  seen  that  the  form  T'  (jx  T(T*  <j2  T)  differs  from  T  ^  T' 
(T'cys  T*)  hy  the  fact  that  the  left  inverse  multiplies  Ssl  on 
the  right  (hence  in  the  2n-port  or  square  matrix  case  there  is 
no  difference).  The  results  are  subsumed  in  the  following 
equations; 


S-.  S- 


-1 


-S21  sal  _1  left 


Js\  ^ai  left 
0 


T*  oa  T  = 


= 


l  > 


(S8i  S81  Xleft)  S21  SS1  Xleft 
-  0  *(sai  Ssi  1left^  Sai  S*i”lleft 


0 

V* 
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The  "backward  sigma  matrices  have  the  same  rank  and 
non-zero  eigenvalues  as  the  ordinary  sigma  matrices.  They 
have  additional  zero  eigenvalues  to  fill  out  their  greater 
dimension. 

A  calculation  will  show  if  T  ^  T*  =  CTl  then 
T  T1  =  a1  and  therefore  T  T'  would  be  a  reciprocal  2n-port 
while  T1  T  would  not.  The  similar  result  holds  for  the  loss¬ 
less  case. 

APPENDIX  III 

The  n-port,  with  n  >  3,  that  has  this  scattering  matrix 

3  = 

will  have  the  following  rectangular  scattering  matrix 

T  = 

This  transfer  matrix  will  satisfy  the  lossless  condition 
even  though  x  may  he  such  that  the  original  network  is  lossy  active 
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or  indefinite.  This  transfer  matrix  also  satisfies  the  recipro¬ 
city  condition  even  though  if  n  >  It-,  x  can  be  non- symmetric  and 
hence  the  circuit  be  nonreciprocal.  All  these  networks  with  dif¬ 
ferent  scattering  matrices,  that  depend  on  x>  will  map  onto  the 
given  transfer  matrix. 
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Fig.  1 

The  Decomposition  of  a  Two-Port 

In  the  Wheeler  decomposition,  B  is  pure  lossy,  while 
A  and  C  are  lossless.  In  Hau^  decomposition,  B  is  pure  non¬ 
reciprocal,  while  A  and  C  are  reciprocal.  In  the  Weissfloch 
transformer,  B  is  an  ideal  transformer,  while  A  and  C  are 
lengths  of  lossless  transmission  lines. 


20 


A 


cosh\  ^ 

0 

0 

0 

sinhX1 

0 

0 

0 

0 

-i-cosh  X_ 
nT3 

-i-cosh  X„ 

/3  2 

-irCOShX 

S3  2 

0 

-4-sinhX 

sf 3  2 

sinhX 
w 3 

-—sinh  X 

•J3 

sinh  X  ^ 

0 

0 

0 

coshX 

1 

0 

0 

0 

0 

_l_sinhX 

■f 3  2 

-i-sinhX  _ 
V3  2 

-~-sinh  X 

nT3  2 

0 

-iLcoshX 
<3  2 

-i-cosh  X 

^3 

-i-cosh 
w 3 

— sinhX  I  -i-sinhX. 
sf2  1  nT2  1 


0 

r~ 

i 

i 

i 

i 

L 


-i-sinhX, 

v2  ^ 


/z 


-sinhXg 


4 

n 


1 

2 


1 _  ..  _ 1 

2 

□ 

M2  — 

.3 

'4 


i-coshX,  -i-coshX 
sfz  1  So  1 


\f 2 


-i-coshXp  ~cosh\ 

■I?  *  nT2 


Fig.  2 


The  two  possible  couplings  for  a  six-port  operating  as  a  four-tO' 


two-port.  Note  that  there  is  no  coupling  between  the  boxes.  The  matrices 
explicitly  state  the  relations  between  the  ports. 
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Pig.  3 

The  lossless  three-port  represented  by  a  transformer 
(coupling  M),  four  lengths  of  transmission  line,  and  a  directional 
coupler  (  D.  C.)  whose  scattering  matrix,  using  port  numbersas 
shown  above,  is; 

"  0  C*  0  jp  " 

o  jp  0 
0  jp  0  o( 

JP  0  (X  0 
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Attn:  Yolanda  Burke,  Docimsrita  Library 

157 

I  /93 

Oeneral  Electric  Oo^any 

Missile  sad  Space  Vehicle  Department 

3198  theatnut  Street 

Philadelphia,  Peon. 

Attn:  Dscimnts  Ubrary 

158 

Code 

Organisation 

Qqg  *>■ 

I  893 

Oeneral  Electric  Co^rnny 

3750  D  atreet 

Philadelphia  24,  Peon. 

Attn:  Mr.  H.O.  Lew 

Nlasile  and  Space  Vehicle  Department 

159 

I  270 

Oeneral  Precisian  laboratory,  lhc. 

63  Bedford  Rood 

Pleasantvllle,  lew  York 

Attn:  Librarian 

160 

I  48 

Goodyear  Aircraft  Corp. 

1210  feeeillon  Road 

Akron  15,  Ohio 

Attn:  Library,  Plant  0 

161 

I  448 

Oranger  Associates 

Electronic  8yetene 

974  Oomirclal  Street 

Palo  Alto,  California 

Attn:  John  V.M.  Oranger,  President 

162 

I  272 

Orumnn  Aircraft  Rigineering  Corporation 
Bethpage,  L.I.  Hew  York 

Attn:  fegineerlng  Librarian,  Plant  Bo.  8 

163 

I  273 

Hallicrafteza  Cranny 

4401  West  5th  Avenue 

Chicago  24,  Illinois 

Attn:  InVeroe  UOioia,  Librarian 

164 

I  737 

U»  Hallicrafters  Co. 

5th  and  Koetner  Armas 

Chicago  24,  Illinois 

Attn:  Bmrl  Bodaxa,  Bead  of  Space  nc— unlcatlon 

165 

I  274 

BoffWan  Electronics  Oorp. 

3761  South  Bill  Street 

Los  Angeles  7,  California 

166 

I  207 

Hughes  Aircraft  Company 

Antenna  Department 

Building  12,  Mail  Station  2714 
oarer  City,  California 

Attn:  Dr.  V.B.  Timer 

167 

I  56 

Hughes  Aircraft  Company 

Florence  Are.  and  Teal*  Street 

Culver  City,  California 

Attn:  Louie  L.  Ballltt 

fenager.  Antenna  Dept. 

168 

I  961 

Bughas  Aircraft  Oo^any 

Attn:  Ik.  L.  Stark,  Microwave  Dept. 

Radar  Laboratory.  P.0.  Box  2097 

Building  600,  fell  Station  C-152 

Fullerton,  California 

169 

Cod*  Organisation 

-I  3 02  International  Business  fceMn—  Oorp. 

Space  Outdance  Center- federal  System  Dlriiicn 
(fcvgo,  Tlof*  Oweity,  lav  York 
Attn:  Technical  Reports  On tar 

I  414  International  Resistance  Company 

401  I.  Broad  Street 
Philadelphia  8,  Peon. 

Attn:  Rea  ward*  Library 

I  265  ITT  federal  laboretorlee 

37<X>  feet  Pontiac  Street 
Port  Wayne  1,  Indiana 
Attn:  Technical  Library 

I  241  Dr.  Henry  Jasik,  Consulting  fegl  near 

296  Sbanaa  Drive 
Brush  BdUow  Industrial  Park 
Vest bury,  few  York 

I  279  Tochhead  Aircraft  Corporation 

2555  I-  Bollywood  Way 
California  Division  Jfeglnaerlng  Library 
Depertneot  72-25,  Plant  A-l,  Buildl^  63- 1 
Burbank,  California 
Attn:  B.C.  feraoia 

I  468  Lockheed  Aircraft  Corporation 

Missiles  and  Space  Division 
Technical  Inf  creation  Center 
3251  Hanover  Street 
Palo  Alto,  California 

I  136  Martin- Marietta  Oorp. 

12250  8.  State  Highway  65 
Jefferson  County,  Colorado 
Attn:  Mr.  Jack  feComick 

I  280  The  Martin  Oamany 

Baltlaore  3,  Maryland 
Attn:  fegineerlng  Library 
Antenna  Deelga  Croup 

I  63  Mathematical  ferlewe 

190  Hope  Street 
Providence  6,  feode  Ialanl 

I  66  The  W.L.  fexson  Corporation 

475  10th  Avenue 
few  York,  few  York 
Attn:  Mies  Dorothy  dark 

I  282  McDonnell  Aircraft  Corporation 

Bax  516,  St.  Louie  66,  Mleeourl 
Attn:  C.B.  toiler 

fegineerlng  Library 

Code  Organisation 

I  283  McMillan  Laboratory,  Inc. 

Brownrille  Avenue 
Ipswich,  Mass. 

Attn:  Security  Officer,  Document  Boon 

I  ll6  Melpsr,  Inc. 

3000  Arlington  Boulevard 

fells  Church,  Virginia 

Attn:  fegineerlng  Technical  Library 

I  471  Microwave  Associates,  Inc. 

Smith  Avenue 
Burlington,  Naea 

I  390  MLczmeve  Development  Laboratories,  Inc. 

92  Broad  Street 
Wellesley  57,  Maas. 

Attn:  I.  Dicker,  Oaasrsl  Manager 

I  648  The  Mitre  Corporation 

244  Wood  Street 

^3  fems. 

Attn:  Mrs.  Jean  B.  Claflla,  Librarian 

I  85  Motorola,  lac. 

8201  feat  McDowell  Road 

Phoenix,  Arisons 

Attn:  Or.  Thanes  E.  Tice 

I  934  Motorola,  Inc. 

Phoenix  fee  earth  Laboratory 
310e  B.  56th  Street 
Phoenix,  Arisons 
Attn:  fir.  A.L.  Men 

1  641  Rational  Research  Oouncll 

Radio  and  Electrical  fegineerlng  Division 
Ottawa,  Ontario,  Canada 
Attn:  Dr.  O.A.  Miller,  Bead 
Microwave  Section 

I  284  Worth  American  Aviation,  Inc. 

12214  lakswood  Boulevard 
Downey,  California 

Attn:  Technical  Information  Canter  (495-12) 
Space  and  Information  Systems  Division 

1  285  Morth  American  Aviation,  Inc. 

horn  Angelos  International  Airport 
Los  Angelas  45,  California 
Attn:  feglneerlag  Technical  file 

X  82  *orthrop  Corporation 

Borslr  Division 
1001  feat  feoedway 
Hawthorne,  California 
Attn:  Tachnioal  Znfoznstlan  3924-31 


°°wr 

170 

171 

172 

173 

174 

175-176 

177 

178 

179 

180 

181 

gag."0- 

182 

183 

184 

185 

186 

187 

186 

189 

190 

191 

192 


25 


Code 

I  28o 

I  287 

I  225 

I  289 

I  914 

X  290 


I  291 


I  473 

I  /57 

I  789 


Code 
I  v30 


I  292 


I  547 

I  373 

I  293 

I  294 

I  472 

I  510 

I  295 

I  184 


Organisation  Copy  No. 

Page  Cornual cetl on*  kgtneers,  Inc.  193 

2001  Wisconsin  Avenue,  I.W. 

Washington  7,  D.C. 

Attn:  (Mr*. )  Ruth  T— pis,  Librarian 

Philco  Corporation  194 

Research  Division 
(Allan  Meeting  Pond 
Blue  Bell,  Pena. 

Attn:  Research  Librarian 

Pickard  and  Burns,  Inc.  195 

103  fourth  Avenue 
Walthsa  54,  Ifcss. 

Attn:  Dr.  Richard  E.  Woodward 

Radiation,  Inc.  I96 

Melbourne,  Florida 

Attn:  RF  Syste—  Division 

Technical  Information  Center 

Radiation  Systems,  Inc.  197 

440  Swann  Avenue 
Alexandria,  Virginia 
Attn:  Library 

RCA  Laboratories  190 

David  Sarnoff  Research  Center 

201  Washington  Road 

Princeton,  lew  Jersey 

Attn:  Miss  Pern  Cloak,  Librarian 

Radio  Corporation  of  America  199 

Defense  Elec  trade  Products 
Building  10,  floor  7 
Camden  2,  lew  Jersey 

Attn:  Mr.  Harold  J.  8chr*der,  Staff  kglnser 
Org:--..aatlon  of  Oiler  Technical 
Administrator 

Radio  Corporation  of  America  200 

Missile  Control  and  Electronic*  Division 

Bedford  Street 

Burlington,  Mass 

Attn:  Librarian 

Radio  Corporation  of  America  201 

Surface  Co— ualcation*  Systems  laboratory 

75  Varick  atreet 

Hew  York  13,  New  York 

Attn:  Mr.  S.  Krevsky 

Radio  Corporation  of  America  202 

Meat  Coast  Missile  and  Surface  Radar  Division 
Jfcglneerlag  Library,  Building  306/2 
Attn:  L.R.  Hand,  Librarian 
8500  Balboa  Boulevard 
Van  Buys,  California 

Organisation 

Radio  Corporation  of  America 
Defense  Electronic  Products 
Advanced  Military  Systems 
Princeton,  New  Jeney 
Attn:  Mr.  David  Shore 

Director,  UBAP  Project  RAND 
Via:  AP  Liaison  Office 
The  Rand  Corporation 
1/00  Main  Street 
Santa  Monica,  California 


Copy  No. 
203 


204 


Code 

Organisation 

Copy  No. 

I  391 

Sage  Leboratori— ,  Inc. 

3  Huron  Drive 

Natick,  Ik—. 

213 

I  142 

Senders  Associates ,  Inc. 

95  Canal  Street 

Nashua,  New  Hampshire 

Attn:  Mr.  Nor— n  R.  Wild 

214 

I  96 

Sandls  Corporation 

P.0.  Brae  5800 

Albuquerque,  New  Mexico 

Attn:  Records  Management  and 

Services  Department 

215 

I  662 

Senate  11  Labors  tori— ,  Inc. 

6601  Sconwell  Lane 

Springfield,  Va. 

216 

I  312 

STL  Technical  Library 

Docimmnt  Acquisitions 

Space  technology  laboratories,  Inc. 

P.0.  Bn  99001 

Los  Angel—  45,  California 

217 

I  297 

Sperry  Qyroscops  Coapany 

Or— t  Deck,  L.I.  lev  Tort 

Attn:  Florence  W.  Turnbull, 
fcglneerlng  Librarian 

218 

I  3t>7 

Stanford  Research  Institute 

Documents  Canter 

Menlo  Park,  California 

Attn:  Acquisitions 

219 

I  104 

Rylvmnle  EL  sc  trie  Products,  Inc. 

100  first  Avenue,  Waltham  54,  Ik—. 

Attn:  Omrl  —  A.  Thornhill 

Report  Librarian 

Waltham  labor* tori—  Library 

220 

I  260 

Sylvanls  Else.  Prod.  Inc. 

Electronic  Defen—  Laboratory 

P.0.  Bn  205 

Mountain  View,  California 

Attn:  Library 

221 

I  240 

WO,  Inc. 

400  Border  Street 
■sat  Boston,  Mass. 

Attn:  Dr.  Alan  F.  by 

222 

I  338 

A.8.  tea— s,  Inc. 

355  Providence  Highway 

Westwood.  Ikes. 

Attn:  A.8.  ten— a,  Pr— ldsot 

223 

Code 

Organl  ration 

Copy  No. 

I  708 

Texas  Instruments,  Inc. 

6000  T  — rn  Avenue 

Dali—  9  tex— 

Attn:  John  B.  Travis 

8y*  terns  Planning  Branch 

224 

I  139 

W—  tinghouse  Electric  Oorp. 

Electronics  Division 

Friendship  Int'l  Mrport  Bn  IB97 

Baltimore  3,  lkryland 

Attn:  kiglneerlng  library 

225 

U  1 

Library  Oeophysical  Institute  of  the 
Ikiiveraity  of  Al— ks 

College,  Al— ka 

226 

Die  Rand  Corporation 
1700  Main  Street 
Santa  Monica,  California 
Attn:  (technical  Library 


U  61  Brown  University  227 

Department  of  KLectrleal  Bogineerlng 
Providence,  Itood*  Island 
Attn:  Dr.  C.M.  Angulo 


Ran tec  Corporation  206 

23999  Ventura  Boulevard 

Calabaaa* ,  California 

Attn:  Grace  Keener,  Office  Manager 


U  157  California  Institute  of  Technology  228 

Jet  Propulsion  Laboratory 
4800  Oak  Orcrre  Drive 
Pa— dsns,  California 
Attn:  Ik.  I.E.  Nswlan 


Raytheon  Company  207 

Boston  Post  Road 
Way land,  Ikss. 

Attn:  Mr.  Robert  Borts 

Raytheon  Company  206 

Way land  Laboratory 
Way land  Mass. 

Attn:  Miss  Alice  0.  Anderson,  Librarian 

Raytheon  Company  209 

Missile  Systems  Division 
Hartwell  Road,  Bedford,  Ikes 
Attn:  Donald  H.  Archer 

Remington  Rand  UNI  VAC  210 

Division  of  Sperry  Rsnd  Corporation 
P.0.  Box  500 
Blue  Bell,  Penn. 

Attn:  Nogl nee ring  Library 

Republic  Aviation  Corporation  211 

farmlngdale,  L.I.  New  York 
Attn:  kglnsering  Library 


U  99  California  Institute  of  Technology  229 

1201  E.  Call  foroia  Drive 
Fa— dm—,  Cr.ifornia 
Attn:  Dr.  C.  Papas 

U  3  Space  Sciences  Laboratory  230 

Leuschner  Observatory 
Uhl varsity  of  California 
Berkeley  4,  California 
Attn:  Dr.  0—1  Silver 

Professor  of  kigLm— ring  Science 
and  Director,  Space  Selene—  laboratory 

U  100  university  at  California  231 

ELsctranlcs  R— —  rch  Lab. 

332  Oory  Mall,  Berkeley  4,  California 
Attn:  J.B.  liri fiery 

U  289  university  of  Southern  California  232 

University  Park 
Los  Angel—,  California 
Attn:  Dr.  feymend  L.  Chuan 

Director,  k«ins*rln*  Center 


Ryan  Aeronautical  Company  212 

2701  Barter  Drive 

Lindbergh  Field 

San  Diego  12,  California 

Attn:  Library 


U  239  Case  Institute  of  Technology  233 

Electrical  toginserlng  Department 
10900  Mwlld  Avenue 
Cleveland ,  Ohio 

Attn:  Prof— ear  Robert  Ploneey 


26 


Codt 
U  183 

U  238 


U  10 

U  86 

U  59 


U  102 


U  54 

U  10k 


U  22 


U  105 


Coda 

U  228 

U  68 

U  32 


U  26 


U  34 

U  107 


U  79 


U  37 


U  106 

U  194 


Orgaaliatlon 

Columbia  Lhivorsity 
Department  of  Electrical  Alglneerlng 
Mornings  ids  Heights,  Raw  York,  H.Y. 

Attn:  Or.  Schleelnger 

University  of  Southern  California 
Aglneeriag  Center 
Lfaiveraity  Park 
Loa  Angeles  7*  California 
Attn:  Z.A.  Kaprislian,  Aaaoclata  Profasaor 
of  KLsetrical  Agineerla* 

Cornell  University  236 

School  of  KLactrical  kgineering 

Ithaca,  lav  York 

Attn:  Proreaaor  O.C.  Hainan 

Uni  vanity  of  Florida  237 

Department  of  Electrical  Aglnaering 
Oaineaville,  Florida 
Attn:  Profaaaor  M.H.  La  tour.  Library 

Library  238 

Georgia  Technology  Research  Institute 
Aginaering  Rcperiaent  Statical 
722  Cherry  Street,  R.W. 

Atlanta,  Georgia 

Attn:  Krs.  J.H.  Croaland,  Librarian 

Harvard  Uhlverelty  239 

Technical  Reports  Collection 
Gordon  McKay  Library 
303  Pierce  Hall 

dtford  Street,  Cambridge  38,  Mass. 

Attn:  Librarian 

Harvard  College  Observatory  240 

60  Garden  Street 
Cambridge  39,  Mass. 

Attn:  Dr.  Fred  L.  ttiipple 

University  of  Illinois  241 

College  of  Agineerlng 
Urbans,  Illinois 
Attn:  Dr.  P.E.  Mayes 

Department  of  Electrical  engineering 

The  John  Hopkins  University  242 

Hnmevond  Campus 
Baltimore  18,  Maryland 
Attn:  Dr.  Donald  K.  Kerr 
Dept,  or  Physics 

The  John  Hopkins  University  243 

Applied  Physics  laboratory 

8621  Georgia  Avenue 

Silver  8pring,  Maryland 

Attn:  Mr.  George  L.  Sel elated 


Organisation 

University  of  Kansas 
Electrical  Agineerlng  Department 
Lawrence,  Kansas 
Attn:  Dr.  H.  Uni 

Lowell  Technological  Institute  245 

Research  Foundation 

P.0.  Boot  709,  Lowell,  Mass. 

Attn:  Dr.  Charles  R.  Mlnglna 

Massachusetts  Institute  of  Technology  24c 

Research  Laboratory  of  KLectronics 
Building  26,  Rocm  327 
Cambridge  39*  Mass. 

Attn:  John  H.  Hewitt 

Massachusetts  Institute  of  Technology  247 

Lincoln  laboratory 
P.O.  Bax  73 
Lexington  73,  Ikii. 

Attn:  Ary  A.  Oranese,  Librarian 

McGill  University  248 

Department  of  Electrical  Agineerlng 
Montreal,  Canada 
Attn:  Dr.  T.  Pavlaaek 

University  of  Michigan  249 

Electronic  Defense  Group 

Institute  of  Science  and  Technology 

Ann  Arbor,  Michigan 

Attn:  J.A.  Boyd,  Supervisor 

university  of  Michigan  250 

Office  of  Research  Administration 

Radiation  laboratory 

912  H.  Main  Street 

Ann  Arbor,  Michigan 

Attn:  Nr.  Ralph  X.  Hiatt 

University  of  Michigan  251 

Aglneerlng  Research  Institute 

Willow  lbn  laboratories,  Wlllcw  Run  Airport 

Tpsllanti,  Michigan 

Attn:  Librarian 

University  of  Minnesota  252 

Minneapolis  14,  Minnesota 
Attn:  Mr.  Robert  H.  Stuem 
Library 

Physical  Science  laboratory  253 

Saw  Mexico  State  University 
University  Park,  Raw  Mexico 
Attn:  Nr.  E.W.  Haas 


Copy  Ro. 
244 


234 

235 


Code  Organisation  Copy  Ho. 

U  39  Hew  York  university  254 

Institute  of  Athenaticol  Sciences 
Room  802,  25  Weverly  Place 
Raw  York  3,  Raw  York 
Attn:  Norris  Kline,  Dr. 

U  96  Northwestern  University  255 

Microwave  Laboratories 
Evanston,  Illinois 
Attn:  R.E.  Beam 

U  43  Antenna  laboratory  256 

Department  of  Electrical  fcglneering 
The  Ohio  State  university 
2024  Hell  Avenue 
Columbus  10,  Ohio 
Attn:  Reports  Librarian 

U  109  The  Uhlverelty  of  Oklahoma  257 

Research  Institute 
■omen,  Oklohoss 

Attn:  Prof.  C.L.  Farrar,  Chalmsn 
Electrical  Rtglnserlng 

U  361  The  Pennsylvania  State  University  258 

223  Electrical  Aginsertng 
university  Park,  Penn. 

Attn:  A.  H.  Maynick,  Director 
Ionosphere  Research  Lab. 


U  I85 

U  48 

U  184 

U  176 

U  110 

Code 

U  309 

U  186 

u  in 

U  51 

u  132 

u  133 

u  187 

u  103 

0  97 


Uhlverelty  of  Pennsylvania  259 

Institute  of  Cooperative  Research 
3400  Walnut  Street 
Philadelphia,  Penn. 

Attn:  Department  of  Electrical  Aglneerlng 

Polytechnic  Institute  of  Aooklyn  260 

Microwave  Research  Institute 

55  Johnson  Street 

Jk-ooklyn,  Hew  York 

Attn:  Dr.  Arthur  A.  Ollnsr 

Purdue  university  261 

Department  of  KLectrlcal  fcginsering 
Lafayette,  Indiana 
Attn:  Dr.  Bchuitx 

Library  262 

W.W.  Anson  laboratory  of  Physics 
Stanford  Uhlverelty 
Stanford,  California 

Syracuse  Uhlverelty  Research  Institute  263 

Oollandale  Oempue 
Syracuse  10,  Hew  York 
Attn:  Sr.  C.S.  Grove,  Jr. 

Director  of  Agiatering  Research 

Omnleation 

Technical  University 
Oeetervoldgade  10  0 
Copenhagen,  Ihnmart 
Attn:  Prof.  Ans  Lottrup  Knuds en 

university  of  Tennessee 
Ferris  Hall 
W.  Cumberland  Avenue 
Knoxville  16,  Tennessee 

The  University  of  Texas 
ELectrical  Aglneering  Reeearch  Lab. 

P.O.  Box  8026,  University  Station 
Austin  12,  Texas 
Attn:  Mr.  John  JL  Qerhardt 
Assistant  Director 

The  Uhlverelty  of  Texas  26? 

Defense  Research  laboratory 
Austin,  Texas 
Attn:  Claude  W.  Barton 
Phyeics  Library 

university  of  Toronto  268 

Department  of  Electrical  Agliiaerlag 
Toronto,  Canada 
Attn:  Prof.  0.  Sinclair 

University  of  Washington  269 

Department  of  Electrical  Aglaaering 
Saattle  5#  Whahlngton 
Attn:  D.K.  Reynolds 

Uhlverelty  of  Wisconsin  270 

Department  of  Electrical  Aginearlng 
Adison,  Wisconsin 
Attn:  Dr.  Schelbe 

University  of  Illinois  *71 

Tlni  imente  Dl vision  Library 
Urbane,  Illinois 

Polytechnic  Institute  of  Aooklyn  272 

Microwave  Research  Institute 

55  Johnson  Street 

Brooklyn,  Hew  York 

Attn:  A.  A.*. - 
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The  Research  Division  of  the  College  of  Engineering  is  an  integral  part  of  the  educational 
program  of  the  College.  The  faculty  of  the  College  takes  part  in  the  work  of  the  Research  Divi¬ 
sion,  often  serving  as  co-ordinators  or  project  directors  or  as  technical  specialists  on  the  projects. 
This  research  activity  enriches  the  educational  experience  of  their  students  since  it  enables  the 
faculty  to  be  practicing  scientists  and  engineers,  in  close  touch  with  developments  and  current 
problems  in  their  field  of  specialization .  At  the  same  time,  this  arrangement  makes  available  to 
industrial  and  governmental  sponsors  the  wealth  of  experience  and  special  training  represented  by 
the  faculty  of  a  major  engineering  college.  The  staff  of  the  Division  is  drawn  from  many  areas  of 
engineering  and  research.  It  includes  men  formerly  with  the  research  divisions  of  industry,  govern¬ 
mental  and  public  agencies,  and  independent  research  organizations. 


Following  are  the  areas  represented  in  the  research  program:  Aeronautical  Engineering, 
Chemical  Engineering,  Civil  Engineering,  Electrical  Engineering,  Engineering  Mechanics,  Indus¬ 
trial  and  Management  Engineering,  Mechanical  Engineering,  Metallurgical  Engineering,  Mathe¬ 
matics,  Meteorology  and  Oceanography,  and  Physics.  In  addition,  an  interdisciplinary  research 
group  is  responsible  for  studies  which  embrace  several  disciplines.  Inquiries  regarding  specific 
areas  of  research  may  be  addressed  to  the  Director,  Research  Division  for  forwarding  to  the  appropria 
research  group. 


